We demonstrate here that peroxynitrite at 1% of its lethal dose almost fully inactivated the labile dehydratases in Escherichia coli. The rate at which peroxynitrite inactivated the clusters substantially exceeded the rate at which it oxidized thiols or spontaneously decomposed. These results suggest that these dehydratases may be primary targets of peroxynitrite in vivo. Another consequence of the cluster damage was the release of 100 M iron into the cytosol. During phagocytosis, this intracellular free iron could increase lethal DNA damage by hydrogen peroxide or protein modification by additional peroxynitrite. In response to peroxynitrite challenges, E. coli rapidly sequestered the intracellular free iron using an undefined scavenging system. The iron-sulfur clusters were more gradually repaired by a process that drew iron from its iron-storage proteins. These are likely to be critical events in the struggle between phagocyte and pathogen.
When phagocytic cells attempt to kill captured pathogens, they utilize specialized enzymes on the interior aspect of the phagosomal membrane to bombard the target cell with superoxide (O 2 . ) and nitric oxide (NO ⅐ ). The mechanisms by which these chemicals damage the invader are unclear. Superoxide cannot penetrate the cytoplasmic membrane of the target cell because of its anionic charge (1) . Nitric oxide can cross membranes, but its known direct effects are limited to the reversible inhibition of heme enzymes (2) . It therefore appears possible that the toxic effects of these species are mediated by their chemical by-products. Superoxide dismutes both spontaneously and enzymatically to form hydrogen peroxide, which is both cell-permeant and a sufficiently strong oxidant to generate lethal DNA damage (for review, see Ref.
3). And nitric oxide reacts with superoxide in the close spaces of the phagosome at a diffusion-limited rate, forming peroxynitrite (ONOO Ϫ ) (4 -7). Peroxynitrite crosses cell membranes and, unlike nitric oxide itself, can rapidly kill cells (8) .
The chemistry of peroxynitrite is complex, which makes it difficult to anticipate its primary targets inside the cell. Ground-state peroxynitrite can divalently oxidize nucleophiles, including glutathione and methionine (9, 10) ; univalently oxidize one-electron donors such as ferrocyanide and ferrocytochrome c (11); and, assisted by transition-metal catalysts, nitrate phenolics such as tyrosine (12, 13) . Furthermore, peroxynitrite can form an undefined activated species (commonly denoted HOONO*) that decomposes to nitrite or, alternatively, abstracts elecrons from even poor donors, such as deoxyribose (14 -16) . This oxidant would be expected to have a broad spectrum of potential biological targets. However, reactions between ground-state peroxynitrite and nucleophiles may preclude substantial formation of HOONO* in the cell.
Because they are both capable univalent oxidants, peroxynitrite might to some extent be expected to resemble superoxide as a toxin. Much of the potency of superoxide arises from its ability to oxidize the [4Fe-4S] clusters of a family of dehydratases that are distributed among both bacterial and mammalian cells (17) (18) (19) (20) (21) (22) . These cationic clusters serve as Lewis acids during substrate dehydration. However, the transfer of a single electron from the exposed cluster to superoxide destabilizes the cluster, provoking iron loss and inactivation of the enzyme. The primary consequence is that the pathways in which these enzymes function become inoperative, and a secondary effect is that the liberated iron can deposit along the DNA, promoting the generation of mutagenic or lethal DNA damage (23, 24) . Ferricyanide, another good univalent oxidant, similarly damage these enzymes in vitro (21) . Recently, Hausladen and Fridovich (25) and Castro and Radi (26) determined that peroxynitrite, as well, efficiently inactivates these enzymes in vitro. In those experiments, the damaged enzymes could be reactivated by incubation with ferrous iron and thiols, indicating that peroxynitrite inactivated the enzymes specifically by damaging the [4Fe-4S] clusters (26) (see Reaction 1) .
The second-order rate constants of the damaging reactions were sufficiently high (1.4 ϫ 10
M
Ϫ1 s
Ϫ1
) that it is plausible that these enzymes would be primary targets of peroxynitrite in vivo.
The work reported here demonstrates that moderate doses of peroxynitrite do indeed preferentially attack these [4Fe-4S]-containing dehydratases in vivo. Escherichia coli responds to this crisis by rapidly sequestering the free iron and more gradually reactivating the damaged enzymes.
MATERIALS AND METHODS
Chemicals-Sodium nitrite, manganese dioxide, magnesium sulfate heptahydrate, and manganese chloride were purchased from Aldrich.
1,2,3-Oxadiazolium-5-amino-3-(4-morpholino)-chloride (SIN-1) was from Cayman Chemical Co., Ann Arbor, MI. Deferoxamine mesylate (desferrioxamine), gluconic acid, djenkolic acid, porcine heart isocitrate dehydrogenase, NADP ϩ , NADH, NADPH, NAD ϩ , reduced nicotinamide hypoxanthine dinucleotide (deamino-NADH), 1 L-malate, EDTA, diethylenetriaminepentaacetic acid (DTPA), sodium sulfite, succinate, 6-phosphogluconate, rabbit muscle lactic dehydrogenase, hydrogen peroxide (H 2 O 2 ) (30% w/v), ampicillin, isopropyl-␤-D-thiogalactopyranoside, o-nitrophenyl-␤-D-galactopyranoside, fluorocitrate, 5,5Ј-dithio-bis(2-nitrobenzoic acid), reduced glutathione, glucose 6-phosphate, ADP, oxidized glutathione, oxaloacetate, sodium pyruvate, 3-phosphoglycerate kinase, triose-phosphate isomerase, cysteine hydrochloride, fructose 1,6-diphosphate, isocitric acid, horseradish peroxidase, 4-aminoantipyrine, nitrophenyl phosphate, horse heart cytochrome c, xanthine, xanthine oxidase, potassium cyanide, plumbagin, and chloramphenicol were purchased from Sigma. Coomassie protein reagent was from Pierce. ␤-Mercaptoethanol and sodium citrate were from Fisher Scientific. Water was purified from a Labconco Water Pro PS system using house deionized water as feedstock.
Peroxynitrite (HONOO) was synthesized by a procedure suggested by Chris Privalle, modified from the original quenched-flow method of Beckman (27) . 0.6 M NaNO 2 and 0.6 M H 2 O 2 in 0.7 M HCl were rapidly mixed in a glass T-junction with outflow into a beaker containing 1.3 M NaOH and manganese dioxide to remove residual hydrogen peroxide. The peroxynitrite was then filtered, frozen immediately in a dry iceethanol bath, and stored at Ϫ80°C. To determine the yield and purity of peroxynitrite, 10 l of newly synthesized ONOO Ϫ was diluted into 1 N NaOH and scanned spectrophotometrically from 200 to 600 nm. Peroxynitrite concentrations were quantitated by the absorbance at 302 nm (⑀ ϭ 1.67 mM Ϫ1 cm
Ϫ1
). Peroxynitrite concentrations were redetermined before each experiment and were sometimes further diluted into 1 N NaOH prior to use.
Strains and Growth Media- (30) . The AB1157 derivative BN407 (as AB1157 plus ⌬lacU169) containing the ColV-K30 plasmid with an iucC::lacZ fusion (31) was used to monitor the possible induction of the Fur regulon after peroxynitrite treatment.
All defined media contained minimal A salts (32) . Carbon sources were routinely gluconate (0.8%) for studies of 6-phosphogluconate dehydratase damage and reactivation, glucose (0.2%) for studies of succinate dehydrogenase and sulfite reductase, and acetate (100 mM) for studies of aconitase. LB with 1 mM isopropyl-␤-D-thiogalactopyranoside was used for studies of inactivation of ␤-galactosidase and LB for studies of alkaline phophatase. For all other enzymes assayed, cultures were grown in minimal A media with 0.8% gluconate as the carbon source. Control experiments demonstrated that aconitase and 6-phosphogluconate dehydratase were also rapidly inactivated in cells that were grown on glucose. The 20 amino acids were supplemented to all media except acetate medium, which included only the five amino acids necessary to compensate for the genetic deficiencies of AB1157-derived strains. In experiments probing the sensitivity of sulfite reductase to peroxynitrite, adequate enzyme synthesis was ensured by substituting djenkolic acid (1 mM) and ammonium chloride (1 g/liter) for cysteine, methionine, and ammonium sulfate.
Exposure of Cells to Peroxynitrite-One-to three-liter cultures were grown at 37°C to log phase (ϳ0.2 A 600 after at least four generations) in well shaken medium. Cells were then centrifuged, resuspended in 100 -200 ml of saline, and centrifuged again to pellet. All centrifugation steps were performed for 3 min at 9000 rpm unless otherwise indicated. The pellet was then resuspended in one-fourth to one-sixth of the original culture volume in 50 mM potassium phosphate buffer (potassium P i ) (pH 7.4). An aliquot was removed as an unchallenged control, while the remainder was challenged with peroxynitrite. Cells were then centrifuged and resuspended in 1 ml of the appropriate buffer, as indicated under Biochemical Assays, and immediately lysed by French press. The lysate was then briefly centrifuged in a microcentrifuge to remove debris, and the supernatant was collected, frozen in dry ice, and stored at Ϫ80°C until being thawed for assay.
To test whether peroxynitrite could inactivate enzymes in the absence of oxygen, cells were grown as above. The cell pellet, peroxynitrite, and 50 mM potassium P i (pH 7.4) that had been degassed with nitrogen for 20 min through a glass frit were moved into a Coy anaerobic chamber containing an atmosphere of 85% nitrogen, 10% hydrogen, and 5% CO 2 . The cell pellet was then resuspended in the potassium P i , and half of the suspension was challenged with 100 M peroxynitrite. The challenged and unchallenged cell suspensions were then removed from the chamber and processed for the preparation of extracts as indicated above.
Reactivation of 6-phosphogluconate dehydratase was monitored after cells were challenged for 15 s with 100 M peroxynitrite. Immediately after the challenge, 150 g/ml chloramphenicol was added to prevent new protein synthesis, and gluconate and amino acids were added back to the suspension. The culture was then allowed to incubate at 37°C with aliquots removed at intervals for assay of enzyme activity. These aliquots were immediately centrifuged, resuspended in 1 ml of cold 50 mM Tris (pH 7.65), and lysed by a single passage through a French pressure cell. The lysate was then centrifuged briefly, and the supernatant was frozen in dry ice and stored at Ϫ80°C until assayed.
The recovery of growth after peroxynitrite exposure was monitored in cells grown in gluconate medium. Log-phase cells were centrifuged, washed with saline, and resuspended in one-fifth the total original volume of 50 mM potassium P i (pH 7.4) (8). Aliquots (1 ml) were then challenged with the indicated amount of peroxynitrite and immediately diluted into gluconate medium. Aerobic growth at 37°C was then monitored at 600 nm. To determine cell survival, strains were diluted after challenge 10-to 10,000-fold into LB medium and plated in LB top agar onto LB plates supplemented with 0.2% glucose. Killing was assessed by colony-forming units of challenged cells compared with unchallenged controls.
In some instances, immediately after the challenge with peroxynitrite, cells were diluted 1:2 into LB medium and subsequently challenged for 10 min with 2.5 mM H 2 O 2 (33) . Aliquots were removed at intervals and diluted and plated as above. Expression of the Fur regulon was monitored by assay of ␤-galactosidase during the 2-h period after peroxynitrite-treated BN407 was returned to aerobic glucose medium.
Control experiments confirmed that equal-volume aliquots of 1 N NaOH and freshly neutralized (decomposed) peroxynitrite had no adverse effects upon the dehydratase activities, growth rates, or survival of cells. Error from inactivation and reactivation studies did not exceed 5-10% from triplicate runs of an independent experiment. Experiments were repeated at least three times, with results indicating the same general inactivation and reactivation profiles.
Biochemical Assays-For studies of aconitase activity, peroxynitritetreated cells were suspended and lysed in 1 ml of ice-cold 50 mM Tris (pH 7.4), 0.6 mM MnCl 2 , and 20 M fluorocitrate. Fluorocitrate helps block damage to the intact aconitase clusters subsequent to lysis. Extracts were then diluted and assayed (17) .
Extracts were prepared for assay of 6-phosphogluconate dehydratase in 50 mM Tris (pH 7.65). The two-step method of Fraenkel was used to determine enzyme activity (34) . Extract, 8 mM, 6-phosphogluconate, and 10 mM MgCl 2 were mixed in a 0.1-ml reaction and allowed to incubate for 5 min at room temperature. The reaction mixture was then diluted into 2 ml of 50 mM Tris (pH 7.65) and boiled for 2 min. Particulates were removed by centrifugation, and 1 ml of the supernatant was assayed with 0.3 mM NADH and lactic dehydrogenase.
Extracts were prepared for the assay of fumarase in 50 mM sodium phosphate buffer (pH 7.3). Extacts were assayed in sodium phophate buffer by the addition of 0.1 ml of 0.5 M L-malate. Absorbance was monitored at 250 nm, with ⑀ fumarate ϭ 1.62 mM Ϫ1 cm Ϫ1 . For assay of NADH dehydrogenase I, extracts were prepared in 50 mM potassium P i (pH 7.8). Extracts were immediately assayed after lysis in a 1-ml reaction containing extract, 50 mM potassium P i (pH 7.8), 3.3 mM KCN, 0.4 mM plumbagin, and 0.25 mM deamino-NADH. NADH dehydrogenase I, but not NADH dehydrogenase II, can use deamino-NADH as a reductive substrate. Absorbance was monitored at 340 nm. For assay of NADH dehydrogenase II, lysates were incubated on ice overnight to eliminate NADH dehydrogenase I activity and then assayed for NADH oxidation at 340 nm by the addition of 0.25 mM NADH.
For assay of sulfite reductase, treated cells were resuspended in 0.1 M potassium P i (pH 7.7) and 0.1 mM EDTA, lysed, and assayed with 0.5 mM sodium sulfite as an electron acceptor. The oxidation of 0.2 mM NADPH was monitored (35) .
␤-Galactosidase activity (32), glucose-6-phosphate dehydrogenase (36), fructose-1,6-diphosphate aldolase (37) The succinate oxidase activity of inverted vesicles prepared from peroxynitrite-treated cells was measured by monitoring aerobic respiration with a Clark oxygen electrode. Inverted vesicles were produced by French press (47). The vesicles, suspended in 50 mM potassium P i , pH 7.8, were added to an electrode chamber that had been pre-equilibrated to 37°C, and oxygen consumption was monitored in the presence of 20 mM succinate. The measured activity requires the function of both succinate dehydrogenase and cytochrome o oxidase, with the former enzyme being rate-limiting in the vesicles prepared from these cells.
EPR Analysis of Intracellular Free Iron-EPR measurements were generally performed as described previously (24) . One-to three-liter cultures were grown aerobically in gluconate medium and treated as detailed above. Cells were resuspended in one-fourth to one-sixth the original volume of 50 mM potassium P i (pH 7.4) and then challenged with peroxynitrite for 15 s. Desferrioxamine was immediately added after the challenge to a final concentration of 2 mM, and the suspension was incubated at 37°C for 15 min. Cells were then centrifuged, washed in 20 mM Tris (pH 7.4), and centrifuged again to pellet. Cell pellets were resuspended in a final volume of 200 l of 20 mM Tris (pH 7.4), 10% glycerol. 200 l were then transferred to a 3-mm quartz EPR tube, frozen in dry ice, and stored at Ϫ80°C until assayed.
The EPR signals were measured with a Varian Century series E-112 X-band spectrometer equipped with a Varian TE102 cavity. A liquid nitrogen finger Dewar in which samples were immersed in liquid nitrogen was used to ensure constant temperature from sample to sample. Parameters remained constant between experiments and were as follows: temperature ϭ Ϫ125°C, field center ϭ 1520 G, field sweep ϭ 500 G, modulation amplitude ϭ 12.5 G, receiver gain ϭ 25,000, frequency ϭ 9.27 GHz, and power ϭ 30 milliwatts. One thousand data points were collected per scan, and four scans were averaged per sample. Data were analyzed using software from Scientific Software Services, Bloomington, IL. Iron levels were quantitated by normalizing the amplitude of the iron signal to an iron standard sample assayed on the same day. Internal iron concentrations were calculated using the intracellular volume (47) . Experiments were repeated a minimum of three times, with error not exceeding 15% between independent experiments and scan profiles exhibiting the same trends.
Experiments that measure the rate of free-iron clearance from a treated cell require that desferrioxamine penetrate the cell and capture free iron quickly. Parallel experiments demonstrated that the addition of 2 mM desferrioxamine protects exonuclease III-defective E. coli from an external bolus of 2.5 mM H 2 O 2 in less than 1 min of application. Since desferrioxamine prevents oxidative DNA damage by chelating intracellular free iron (48), we conclude that the addition of 2 mM desferrioxamine penetrates the cell sufficiently rapidly to capture the great majority of free iron within the interval of the EPR measurements reported in this study.
RESULTS

Peroxynitrite Specifically Inactivates Dehydratases Containing [4Fe-4S]
Clusters-The dilution of alkaline peroxynitrite into neutral medium results in its rapid decomposition, with a half-life of approximately 2 s (14) . Thus, the addition of peroxynitrite to suspended cells comprises a bolus of short duration. Pilot experiments demonstrated that while components of growth medium protected growing cultures of E. coli from the toxic effects of peroxynitrite, presumably by reacting with and detoxifying the peroxynitrite, cells suspended in buffer were rapidly damaged. Concentrations of peroxynitrite in excess of 1 mM were lethal to Ͼ99% of the cell population, but virtually all cells (Ͼ90%) survived exposure to boluses of less than 500 M. When nutrients were restored to the cells immediately after peroxynitrite exposure, it was observed that, whereas shamtreated cells resumed growth immediately, those that had been exposed to doses of 100 M peroxynitrite exhibited a 10-min growth lag (Fig. 1) . No lag occurred when the peroxynitrite was neutralized prior to its addition to the cells, confirming that the growth inhibition was a consequence of damage done by peroxynitrite per se rather than by its decomposition products. We were interested in defining the molecular damage produced by these moderate doses of peroxynitrite.
Aconitase, 6-phosphogluconate dehydratase, and fumarase A are members of the small family of hydrolyases in E. coli that employ [4Fe-4S] clusters to catalyze the dehydration of their substrates. These enzymes were extensively inactivated when cells were exposed to a pulse of even 10 M peroxynitrite (Table  I, Fig. 2 ). This inactivation did not involve partially reduced oxygen species, since the enzymes were also inactivated when cells were exposed to peroxynitrite anaerobically (not shown). In contrast, all but 1 of the 16 other enzymes that were sampled were unaffected by even 100 M doses, including several that utilize iron-sulfur clusters and hemes as redox moieties. Peroxynitrite is a known oxidant of thiols, and about half the soluble thiols were oxidized by 100 M concentrations. Glyceraldehyde-3-phosphate dehydrogenase of E. coli contains an essential active-site thiol (49, 50) . Rabbit glyceraldehyde-3-phosphate dehydrogenase can be inactivated by peroxynitrite in vitro (51) . This enzyme lost substantial activity when cells were exposed to 100 M peroxynitrite, although less so than did the dehydratases. This trend follows the relative rate constants for reactions of peroxynitrite with labile clusters and thiols, as determined in vitro with pig heart mammalian aconitase and cysteine (26, 9) . Evidently, the dehydratases are highly specific targets of peroxynitrite in vivo as well. 
The Damaged Dehydratases Remain in a Form That Can Be Reactivated in Vivo-
Damage to Dehydratase [4Fe-4S] Clusters by Peroxynitrite
whether these enzymes are repaired in vivo as well, 6-phosphogluconate dehydratase activity was monitored after exposure to 100 M peroxynitrite. Chloramphenicol was included to ensure that the restoration of activity was due to repair of damaged protein rather than de novo synthesis. Activity was restored quickly, with a maximum of 50 -70% of initial activity achieved within 10 min (Fig. 3) . Complete reactivation was not achieved even with further incubation, perhaps due to degradation of proteins. The 10-min reactivation period coincided with the delay before growth resumed, although we do not have direct evidence that the growth lag resulted from the inactivity of these enzymes.
Iron Import and Iron-storage Proteins Are Needed for Optimal Reactivation of the Dehydratases-The reconstruction of oxidatively damaged [4Fe-4S
] clusters is thought to be an enzymatic process requiring the donation of iron (52, 53) . Iron storage proteins are a potential source of the iron needed for repair of the clusters. E. coli has two iron storage proteins, bacterioferritin (encoded by bfr) and ferritin (ftn) (54, 55) . The reactivation of 6-phosphogluconate dehydratase was monitored in mutants lacking the internal iron-storage proteins ferritin and bacterioferritin. These strains synthesize normal levels of active dehydratases during routine growth. However, 10 min after peroxynitrite exposure, these strains had recovered only 10 -15% of their initial activity, in contrast to the much more efficient recovery of wild-type cells (Fig. 4) .
Iron transport into the cell from the external medium is an alternative source of iron for cluster re-assembly. To test this possibility, DTPA, a cell-impermeable iron chelator, was added to the cell suspension immediately after peroxynitrite challenge to block iron uptake. Cells treated in this way regained only 25-30% of enzymatic activity in 10 min, and iron-storage mutants that were treated with DTPA recovered only 5%. It appears that both internal iron reserves and transport from the external medium are needed to supply sufficient iron to rapidly rebuild these clusters. Interestingly, both the ferritin and bacterioferritin proteins appear to be required, raising the possibility that they function in series in an iron-donation pathway. Although iron availability appeared to limit the efficiency of cluster repair in these experiments, the peroxynitrite-challenged cells did not induce the Fur regulon, which directs the synthesis of several iron-uptake systems (31) (data not shown).
Peroxynitrite Increases the Intracellular Free Iron Concentration in the Cytoplasm-The requirement for iron to reactivate the dehydratases indicated that iron was released from the clusters when they were damaged by peroxynitrite. The amount of loosely bound iron in the cytoplasm of exponentially growing E. coli has been measured by EPR spectroscopy to be approximately 15 M (24). However, when cells are stressed by superoxide, the oxidation of dehydratase clusters releases sufficient iron that the amount of free iron in the cytosol increases to about 80 M. A similar increase in free iron occurred after exposure to peroxynitrite (Fig. 5) . The iron release was close to maximal after challenge with 100 M peroxynitrite, in accordance with the sensitivity of the dehydratases (data not shown). That maximum exceeds by only a small amount the free iron released by superoxide stress. Indeed, when an SOD mutant was challenged with peroxynitrite, little additional iron was released (Fig. 6) . These results indicate that superoxide and 
FIG. 3.
Iron-sulfur clusters damaged by peroxynitrite remain in a form that can be reactivated. Cells were treated with 100 M peroxynitrite as indicated under "Materials and Methods." To one culture 1 mM DTPA was added immediately after challenge with peroxynitrite to block iron import. Reactivation is indicated as the percent of 6-phosphogluconate dehydratase activity regained normalized to an unchallenged control.
Damage to Dehydratase [4Fe-4S] Clusters by Peroxynitrite
peroxynitrite release iron exclusively from the same set of vulnerable dehydratases.
If only one iron atom is lost per cluster, the amount of liberated iron suggests that in E. coli the sum concentration of these labile clusters is approximately 100 M. The plausibility of this number can be checked by calculating the concentrations of the labile dehydratases. Using the turnover number for fumarase A (56) and our measurements of its activity in crude extracts, we estimate that the fumarase A concentration in these cells was 5-8 M, which represents 10 -15 M [4Fe-4S] clusters, since the enzyme is dimeric. Turnover numbers are not available to make similar calculations for aconitase and 6-phosphogluconate dehydratase. However, a large substrate flux passes through these enzymes in this medium, so it is at least plausible that they are abundant and that there is a total of 100 M labile clusters in the cell. It is also possible that the enzyme concentration is somewhat lower than this, but that more than one iron atom eventually leave the damaged clusters.
Iron Released from Damaged Dehydratases Is Rapidly Sequestered-The rate of oxidative DNA damage in cells is dictated in part by the amount of free intracellular iron (57, 24) , since iron that is adventitiously bound to DNA catalyzes the production from hydrogen peroxide of the damaging hydroxyl radical (58, 48) . Superoxide-stressed cells are especially vulnerable to DNA damage because of the large amount of free iron in their cytoplasm (24) . We were therefore surprised to observe that peroxynitrite-treated cells were not unusually sensitive to DNA damage when they were subsequently exposed to hydrogen peroxide for 10 min (data not shown). In part, this resistance may have been due to their temporary starvation during the peroxynitrite treatment, since cells must be metabolically active to suffer oxidative DNA damage (33) . However, a more important factor may be that the iron released by the peroxynitrite treatment was rapidly sequestered (Fig. 7) . The majority of the iron became chelator-inaccessible within 30 s. The high sensitivity to hydrogen peroxide of superoxide-stressed cells may be a result of the continuous turnover of iron from the iron-sulfur clusters, whereas in the experiments reported here iron was liberated by a single pulse of peroxynitrite and could be rapidly retrieved. We attempted to use SIN-1 to continually generate peroxynitrite in cell cultures, so that the free-iron content and peroxide sensitivity of unstarved cells could be assayed simultaneously, but components of the medium scavenged the oxidant and prevented cell damage.
The cytoplasmic iron was cleared much more rapidly than the dehydratases were reactivated, making it unlikely that it simply re-entered the clusters. Mutants that lacked the ironstorage proteins exhibited a slightly but consistently slower rate of iron clearance, suggesting that in wild-type cells some iron may have been deposited in these reservoirs (Fig. 7) . However, free iron was still removed rapidly from the cytoplasms of the storage mutants. 
DISCUSSION
Specificity of Peroxynitrite Actions in Vivo-The [4Fe-4S]
clusters of a family of dehydratases are primary targets of the toxic action of peroxynitrite. These clusters differ from those employed in electron-transfer enzymes in that they feature an iron atom that is not coordinated by polypeptide cysteine residues, so that it can ligand the hydroxyl leaving group of the substrate to be dehydrated. A consequence of this geometry is that the cluster is also accessible to small soluble oxidants (including superoxide and peroxynitrite) and that, once oxidized, the iron is sterically free to dissociate from the cluster. clusters offers an electrostatic attraction that may be important in establishing their interaction with these oxidants. Once they are complexed to the cluster, it is likely that protonation of the superoxide or peroxynitrite precedes electron transfer.
The groups of Beinert and Flint have characterized the process by which oxidants damage the [4Fe-4S] 2ϩ clusters of dehydratases in vitro (21, 56, 59) . A variety of univalent oxidants (including molecular oxygen, O 2 . , persulfate, ferricyanide, and HOONO) suffice. A [3Fe-4S] ϩ species can be detected by EPR as an early product, and the lost Fe 2ϩ atom is recovered as free iron. Since several of these oxidants have no chelating ability, it is apparent that the iron loss is a spontaneous event triggered by the instability of the oxidized cluster. In these in vitro experiments, the [3Fe-4S] ϩ clusters proceeded to lose additional iron and sulfur atoms at a lesser rate that varied from enzyme to enzyme. It is unclear whether this secondary process occurs in vivo, or whether the disintegration of the cluster is arrested by more rapid repair processes.
The absence of a fourth cysteine ligand presumably enhances the vulnerability of the cluster and the ease with which iron is released. However, some proteins that provide four cysteine ligands nevertheless feature [4Fe- 4S] 2ϩ clusters that are oxidatively unstable. These include proteins (nitrogenase (60), E. coli Fnr protein (61) , and the B. subtilis glutamine phosphoribosylpyrophosphate amidotransferase (62)), whose clusters appear to be partially solvent exposed, suggesting that cluster accessibility, rather than cysteine coordination per se, is the core issue. In support of this point, although the clusters of succinate dehydrogenase holoenzyme are generally stable to oxygen and were unaffected by peroxynitrite in this study, they become labile if the enzyme is depleted of accessory subunits that are thought to shield the clusters (63) .
The in vitro measurements of Radi et al. (9, 26) indicate that peroxynitrite oxidizes thiols at a 50-fold lower rate than it attacks [4Fe-4S] clusters. In E. coli, thiol concentrations are approximately 2 mM (42), whereas the release of 100 M iron by peroxynitrite indicates that the cell may contain about 100 M labile dehydratases. It follows that a molecule of peroxynitrite may be 2.5 times as likely to inactivate a dehydratase as to be scavenged by a thiol. Although other unknown targets may exist, the unique requirements of ground-state peroxynitrite as an oxidant suggest that there may be very few. Because of this high specificity, the toxicity of peroxynitrite, like that of superoxide, may be narrowly directed at a handful of enzymes. It might therefore have even a larger physiological impact than an equivalent amount of a more reactive species whose effects are more broadly distributed among a variety of target molecules.
Peroxynitrite decomposes spontaneously with a half-life of approximately 2 s in the neutral pH range that pertains in vivo. Although this limits its efficacy in vitro, it is unlikely to do so in vivo. The mean diffusion distance in water for a small molecule in 2 s is approximately 60 m: large compared with the likely distance between the phagosomal membrane and the captured bacterium, and vast compared with the internal span of the bacterium (ϳ1 m along its long axis). Therefore, nascent peroxynitrite has a lifetime easily sufficient to penetrate the captive cell and encounter a dehydratase target. Furthermore, if the cell contains 100 M [4Fe-4S] clusters that react with peroxynitrite with the second-order rate constant that is exhibited in vitro by aconitase, then the half-time for the reaction between those clusters and peroxynitrite would be only 0.05 s. It would therefore appear that in E. coli peroxynitrite is much more likely to damage a dehydratase than to decompose.
The impact of the reactivity of HOONO* may be similarly diminished by the rate at which clusters scavenge ground-state peroxynitrite. Because the activation of peroxynitrite can be rate-limiting for HOONO*-dependent oxidations, less reactive sulfhydryls can largely preempt reactions between HOONO* and target molecules in vitro, and these clusters should do so in vivo as well. It is still possible, of course, that a minor HOONO* pathway will generate a lesion that has a disproportionate effect upon cell fitness. For example, HOONO* may directly damage DNA (64 -66) . Indeed, although low doses of peroxynitrite did not produce enough DNA damage to affect the viability of a wild-type cells, we observed that a strain defective in DNA repair was killed. However, the killing rate saturated near 100 M peroxynitrite (Fig. 8 ), in parallel with the inactivation of dehydratases (Fig. 2) . Because the extent of direct damage by HOONO* would presumably be first-order in dose, these data suggest that the DNA damage may have been a secondary effect of iron leakage from the damaged clusters. Attempts to test the involvement of iron in the DNA damage through the use of metal chelators were frustrated by the fact that the chelators directly scavenged the peroxynitrite. A possible scheme for metal-induced DNA damage in the absence of H 2 O 2 might include the generation from peroxynitrite of an electrophilic nitronium cation (5, 13, 67 ). This mechanism has been FIG. 7 . Free iron is dissipated rapidly after challenge with 100 M peroxynitrite. Intracellular free iron concentrations were determined by EPR at time points after exposure to peroxynitrite.
posited to explain the ability of iron chelates to catalyze the nitration of tyrosine residues by peroxynitrite. If so, then ironcatalyzed protein damage might also be among the sequelae of dehydratase inactivation.
Repair of Damaged Clusters in Vivo-The ability to damage clusters with a single pulse of peroxynitrite provides an opportunity to monitor the kinetics of cluster-repair processes with minimal manipulation. The repair process was measured previously by Gardner and Fridovich (68) , who transferred paraquat-treated cells into an anaerobic environment and assayed the reactivation of aconitase that had been inactivated by superoxide. The half-time for reactivation in our experiments, about 7 min, was slightly longer than that which they estimated from their data (3 min). It is clear that the availability of iron influences both the rate and ultimate extent of the repair process, and it seems likely that the repair rate will also depend upon the absolute number of damaged clusters in the cell. Therefore these rates may vary with circumstance. However, this technique certainly offers the opportunity to determine in vivo whether suspected genes are required for the repair process. In this study we found that storage proteins furnish the iron needed to re-build the damaged clusters. Dean and colleagues (53) have identified several other proteins that are essential to the process of iron-sulfur cluster construction in the nitrogenase of Azotobacter vinelandii. One of these, NifS, activates sulfur for insertion of the cluster inorganic sulfur atoms; it may have a role in cluster repair, as well as de novo synthesis, if oxidized clusters continue to collapse in vivo beyond the [3Fe-4S] stage. The roles of other Nif proteins are unclear. However, homologous genes and proteins have been identified in both prokaryotes and eukaryotes, including E. coli (52) , and it will be interesting to determine whether strains lacking these genes are defective at the reactivation of damaged dehydratases.
Clearance of Free Iron-The rapidity with which the liberated iron is scavenged by an unknown process underscores the hazard which free iron poses for cells. Increases in free iron, whether from cluster destruction by superoxide or deregulation of the iron uptake system, result in an extreme sensitivity to DNA damage and possibly protein damage by both endogenous and exogenous oxidants. The polyunsaturated lipids of eukaryotic membranes are vulnerable to iron-catalyzed peroxidation, and so mammalian cells may additionally be threatened with loss of membrane integrity as a secondary effect of iron spillage (69) . Therefore it will be of interest to identify the mechanism that clears the iron. The clearance appeared to occur in two steps in these experiments: an extremely rapid phase that scavenged most of the detectable iron within 30 s, and a slower phase that removed the remainder over a period of minutes. A simple interpretation would be that the majority of the iron is initially either solvated or weakly bound to biomolecules from which the scavenging system can quickly remove it. A minor fraction of the iron may bind more strongly to charged biomolecules (possibly including the phosphodiester backbone of DNA) and only be re-captured by the scavenging system after it dissociates, which would be a slower process. The free-iron assay used in these experiments relies on desferrioxamine to chelate the iron. Because desferrioxamine is able to remove iron even from stronger ligands (including DNA), both iron populations would be detectable. We are hopeful that the EPR method can be used to test the involvement of Nif homologues in iron clearance.
Physiological Significance of Cluster Damage by Peroxynitrite-Peroxynitrite is generated by mammalian cells of several types, and its diffusion distance is sufficient that local tissue may be traumatized. At this date, only the mitochondrial aconitase is known to be acutely sensitive (26) . The consequence of its inactivation, of course, would be the loss of oxidative phosphorylation, which would be metabolically catastrophic. Damage to mitochondrial DNA, membranes, and perhaps other proteins could occur consequent to its spillage of iron.
Equally intriguing is the role that peroxynitrite may be designed to play in the killing of phagocytosed cells. The oxidative burst of phagocytes damages the DNA of the captured cell (70) . The stimulated phagosome generates both nitric oxide and superoxide, but it is improbable that these species damage DNA directly. However, the simultaneous production of these species in close quarters drives them to react together, forming peroxynitrite, while an additional fraction of superoxide dismutes to generate hydrogen peroxide (4 -7). Both of these latter species cross membranes easily. The peroxynitrite can then attack the labile dehydratases. The immediate result of those injuries would be the dysfunctions that are also apparent in SOD-defective bacteria: a loss of tricarboxylic acid cycle activity (17) , failure of branched-chain amino acid biosynthesis from the inactivation of dihydroxyacid dehydratase (20) , and loss of the Entner-Doudoroff pathway from damage to 6-phosphogluconate dehydratase (18) . These injuries are bacteriostatic but not in themselves lethal. However, the leaching of iron from these dehydratases could sensitize the cell to oxidative DNA damage at the very time that it is inundated with hydrogen peroxide. This concerted one-two punch may comprise a scheme to attack DNA, the weak link in the survival of the organism. In this context, it seems appropriate that the bacterium assigns a priority to iron clearance, completing this task far more rapidly, for example, than it repairs the damaged enzymes. These speculations will become testable when the genes associated with iron scavenging are identified.
